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Abstract 

Hormonal necrosis of the femoral head is caused by long-term use of glucocorticoids and other causes of abnormal 
bone metabolism, lipid metabolism imbalance and blood microcirculation disorders in the femoral head, resulting 
in bone trabecular fracture, bone tissue necrosis collapse, and hip dysfunction. It is the most common type of non-
traumatic necrosis of the femoral head, and its pathogenesis is complex, while impaired blood circulation is consid-
ered to be the key to its occurrence. There are a large number of microvessels in the femoral head, among which 
H-type vessels play a decisive role in the “angiogenesis and osteogenesis coupling”, and thus have an important 
impact on the occurrence and development of femoral head necrosis. Glucocorticoids can cause blood flow injury 
of the femoral head mainly through coagulation dysfunction, endothelial dysfunction and impaired angiogen-
esis. Glucocorticoids may inhibit the formation of H-type vessels by reducing the expression of HIF-1α, PDGF-BB, 
VGEF and other factors, thus causing damage to the “angiogenesis-osteogenesis coupling” and reducing the ability 
of necrosis reconstruction and repair of the femoral head. Leads to the occurrence of hormonal femoral head necrosis. 
Therefore, this paper reviewed the progress in the study of the mechanism of hormone-induced femoral head necro-
sis based on microvascular blood flow at home and abroad, hoping to provide new ideas for the study of the mecha-
nism of femoral head necrosis and provide references for clinical treatment of femoral head necrosis.

Keywords Osteonecrosis of the femoral head, Glucocorticoids, Angiogene-osteogenesis coupling, H-type vessels, 
HIF-1α, PDGF-BB, VGEF

Introduction
Ascular necrosis of the Femoral Head (ONFH), also 
known as avascular necrosis of the femoral head (ANFH), 
occurs when blood flow to the femoral head is inter-
rupted, It leads to the lack of support of the head and 

apoptosis, and then compensatory repair of the human 
body, resulting in the loss of femoral head cartilage, bone 
collapse and other diseases [1]. The causes of ischemia 
can be divided into arterial obstruction and venous sta-
sis [2]. Many scholars have put forward a large number 
of theories on the mechanism of femoral head necrosis, 
including blood circulation disorders, lipid metabolism 
disorders, increased internal bone pressure, osteocyte 
apoptosis, gene polymorphism, immune factors, biome-
chanical theories of femoral head [3] etc., but the spe-
cific pathogenesis is still unclear, and it is often caused by 
multiple factors, and various theories explain and discuss 
its pathogenesis from different levels.
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Femoral head necrosis tends to occur in young and 
middle-aged people and tends to be younger. Because 
of its potential occurrence, it often leads to disability 
and brings great distress to patients and families [4, 5]. 
Although increasingly sophisticated surgical techniques 
such as joint replacement have improved the quality of 
life for many patients, total hip replacement is not an 
optimal treatment option for ONFH due to the limited 
implant life and potential revision complications. How to 
treat early ONFH, prevent disease progression and delay 
the collapse time of femoral head necrosis is still puzzling 
many scholars [6–8]. Currently, hip preservation opera-
tions widely used mainly include core decompression 
[9], core decompression combined with bone graft with 
or without vascular pedicle [10, 11], core decompres-
sion combined with porous material support [12], core 
decompression combined with stem cell transplantation 
[13], osteotomy [14], etc. However, the clinical efficacy 
of these methods is not uniform [15], and the treatment 
prognosis is affected by many factors [16]. Still, a large 
proportion of ONFH may develop into femoral head col-
lapse, which eventually leads to loss of hip function and 
necessitates joint replacement. Therefore, it is of great 
significance to explore the mechanism of femoral head 
necrosis and find more perfect treatment. Currently, fem-
oral head necrosis is divided into two categories. The first 
type is caused by trauma, which is mainly caused by fem-
oral neck fracture, hip dislocation and other diseases. The 
second type is non-traumatic and is caused by a synergis-
tic combination of genetics and exposure to risk factors, 
including steroid use or alcohol abuse. However, accord-
ing to the "ischemia hypothesis", the direct cause is the 
decrease or interruption of the blood supply in the femo-
ral head, and the normal metabolism can’t cause necrosis. 
Hormone is the most common cause of non-traumatic 
femoral head necrosis, and it has been reported that 
hormonal femoral head necrosis has become the most 
common type of non-traumatic femoral head necrosis, 
accounting for up to 51% [17]. Weinstein et  al. showed 
that 30–50% of patients with long-term use of GCs may 
have fractures, and another 5–40% of patients may have 
osteonecrosis [18]. In the United States, more than 30 
million patients require glucocorticoids for disease treat-
ment, and more than 40 percent will develop osteone-
crosis [19]. Glucocorticoids (GCs) are widely used in the 
treatment of inflammation, autoimmune diseases, cancer 
and other diseases [20]. Long-term use of GCs has seri-
ous effects on stem cell differentiation, lipid metabolism 
and vascular system.

Femoral head blood flow injury is an important cause 
of femoral head necrosis. There are a large number of 
microvessels in the femoral head, especially H-type 
vessels, which are the main vessels that determine 

osteogenesis and bone reconstruction of the femo-
ral head [21]. In recent years, more and more studies 
have shown that glucocorticoids damage the vaso-bone 
remodeling coupling through the vascular system, espe-
cially by inhibiting the formation of H-type blood vessels, 
leading to a serious decline in bone reconstruction and 
repair ability, and promoting the progression of femoral 
head necrosis. Based on the mechanism of glucocorti-
coids’ influence on microvascular blood flow of femoral 
head, this review reviewed domestic and foreign studies 
to clarify the close relationship between microangiogen-
esis, bone reconstruction and collapse of femoral head 
necrosis in hormone-induced femoral head necrosis, 
in order to provide reference for the study of hormone-
induced femoral head necrosis and provide theoretical 
basis for inhibiting clinical treatment of femoral head 
necrosis.

Vaso‑osteogenic coupling
The process of bone growth and development involves 
bone modeling and bone remodeling. In bone modeling, 
bone formation occurs independently of bone resorption, 
while in the process of bone remodeling, bone resorption 
and bone formation are coupled to maintain bone home-
ostasis [22]. The imbalance between bone resorption and 
bone formation will lead to the occurrence of osteoporo-
sis, bone necrosis, fracture malunion and other diseases 
[23]. Angiogenesis, the development of new blood vessels 
from pre-existing blood vessels, is closely related to bone 
development and bone formation during bone modeling 
and remodeling. Blood vessels not only provide the nec-
essary nutrients, oxygen, growth factors and hormones 
for bone tissue, in recent years, studies have found that 
blood vessels play a crucial role in the regulation of bone 
formation [24].

Although there are differences in the association of 
bone formation and bone resorption during osteogen-
esis and bone remodeling, both processes are combined 
with angiogenesis [25].The close spatial and temporal 
connection between osteogenesis and angiogenesis is 
known as the "angiogene-osteogenesis coupling" [26].In a 
mouse model of osteoporosis after ovariectomy (OVX), 
Wang [27] administered PEMF with specific parameters 
12 weeks after surgery and continued for 8 weeks. The 
results showed that PEMF could effectively counteract 
OVX-induced bone loss, which was characterized by 
increased trabecular bone and increased transcription 
expression of Osterix, PDGFB and Col-1a1. Regula-
tion of bone anabolic and catabolic activity. CD31 and 
Endomucin double positive immunostaining and flow 
cytometry showed that PEMF-induced osteogenesis was 
associated with CD31-endothelial cell expansion. At the 
same time, HIF-α levels were higher in PEMF-treated 
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mice than in control mice, while inhibition of HIF-1α 
significantly reduced PEMF-induced osteogenesis and 
led to a significant reduction of CD31hiEmcnhi vessels 
in PEMF-treated OVX mice. This study confirmed the 
coupled promotion of PEMF-induced bone formation 
and CD31hiEmcnhi endothelial cells. This coupling effect 
may be mediated in CD31-endothelial cells via HIF-1α 
signaling. Xu et  al. [28] found that bone formation and 
CD31hiEmcnhi endothelial cells increased significantly 
in osteoblast-specific SHN3-deficient mice. Transcrip-
tomic analysis revealed that SLIT3 is a proangiogenic fac-
tor derived from osteoblasts and regulated by shn3. Slit3 
gene deletion reduced bone CD31hiEmcnhi endothelial 
cells, resulting in decreased bone mass due to impaired 
bone formation, and partially reversed the high bone 
mass phenotype in Shn3 mice. Defect in fracture repair 
in slit3 mutant mice and enhanced fracture repair in 
shn3 mutant mice. All of the above studies suggest that 
this coupling between osteoblasts and CD31hiEmcnhi 
endothelial cells is essential for bone healing and that 
blood vessels are involved in targeting bone anabolism. 
Angiogene-osteogenesis coupling plays a key role in the 
process of bone growth, development, remodeling and 
repair. Therefore, in the study of the mechanism of hor-
mone-induced femoral head necrosis, it is very necessary 
to consider the influence of glucocorticoids on the angio-
genesis and osteogenesis of femoral head necrosis, so as 
to explore the mechanism of the occurrence and develop-
ment of femoral head necrosis.

Head of femur
Microstructure of femoral head
The femoral head has a special shape and function. It 
forms a stable and flexible joint with the acetabulum, 
glenoid, pubic ligament, iliofemoral ligament and ischial 
ligament, which plays an important role in maintaining 
the upright posture of the human body and ensuring the 
smooth completion of various movements. Under elec-
tron microscope, the bone columns and plates in the 
cancellous bone of the femoral head were interwoven 
into a network to form porous bone tissue. The pillars are 
80–150 microns in diameter and are arched and arranged 
in all directions, and there is a certain gap between each 
two arched pillars. Trabeculae arched bones have impor-
tant mechanical effects [29]. In the study of the micro-
structure of necrotic femoral head,

Inoue [30] collected 76 hip joints from 50 patients diag-
nosed with ONFH between 2017 and 2021, Groups 1, 2, 
3, and 4 included hip joint without ONFH, femur head 
collapse without FHC, ONFH with mild collapse (< 2 
mm), and severe collapse (> 2 mm), respectively. MDCT 
was performed in all patients to evaluate the microstruc-
ture of subchondral trabecular bone. The results showed 

that in the femoral head and acetabular region, there 
were significant differences between the necrotic but 
not collapsed group and the mild collapsed group com-
pared to the normal femoral head, with increased volu-
metric bone density and apparent bone volume fraction, 
and more lamelike and increased connectivity, indicating 
that osteosclerosis changes were occurring. In the study, 
Pascart [31] found that compared with the femoral head 
with osteoarthritis, the trabecular volume fraction of 
the femoral head with osteonecrosis decreased signifi-
cantly in the necrotic area, but the trabecular thickness 
was greater in the marginal sclerotic area, which was due 
to bone reconstruction and repair in the marginal scle-
rotic area. Baba [32] used micro-computed tomography 
(micro-CT) to quantize the volume of bone resorption 
lesions in osteonecrosis (ONFH) after femoral head col-
lapse in 35 patients with different stages of ONFH, and 
found that the bone resorption volume of ONFH after 
femoral head collapse was significantly correlated with 
the disease stage, and the front of the femoral head was 
more extensive than the back. Gao [33] reconstructed a 
three-dimensional geometric model of the hip joint by 
collecting the CT imaging data of the hip joint of vol-
unteers. Based on the Abaqus finite element software, 
the collapse risk of the necrotic area was evaluated. The 
results showed that the closer the area was to the load-
bearing line, the higher the risk of necrotic collapse. The 
above studies show that the femoral head has a unique 
microstructure due to its special anatomical location 
and physiological effects. However, the microstructure 
of necrotic femoral head varies in different stages and 
regions. Generally speaking, with the progression of 
necrosis, the volume fraction and thickness of bone tra-
becula in the necrotic area will decrease, resulting in dis-
continuity and even necrotic collapse. The closer to the 
load-bearing line, the more significant the necrosis, the 
more obvious the microstructure loss and the more seri-
ous the collapse.

Blood flow and microvascular structure of femoral head
At present, enhanced computed tomography (CT) scan, 
ultra-selective digital subtraction angiography (DSA) 
angiography and enhanced magnetic resonance imaging 
(MRI) scan are the main methods for clinical research on 
intraosseous vessels. However, enhanced CT scan, ultra-
selective DSA angiography and enhanced MRI scan are 
limited by the resolution range. The epiphyseal network 
or the fine blood vessels within the femoral head cannot 
be shown in pathological conditions such as femoral neck 
fracture, hip dysplasia or necrosis. With the advent of 
3D high resolution imaging, people have discovered the 
vascular anatomy system that connects the bone vascu-
lature and the bone marrow [34]. This newly discovered 
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vascular system consists of small arteries, veins, and cap-
illaries, collectively known as transcortical vessels (TCV), 
and reveals a link between endoosseous and periosteal 
circulation [35].

The femur is a specially structured, highly vascular-
ized bone that is the longest bone in the human body. 
Its mechanical strength, recovery, repair, regeneration 
and remodeling depend on vascular health, which con-
tributes to a continuous supply of blood and provides 
adequate oxygen, nutrients, growth factors and bone 
progenitor cells to the bones [36]. Therefore, angiogen-
esis is expected to lead to revascularization, reperfusion, 
and absorption of the necrotic area. The nutrient artery, a 
branch of the circulatory system, is the largest blood ves-
sel entering the pulp cavity and supplies almost half of its 
blood volume to the femur [37]. At the proximal end, it 
forms an anastomosis with the perforated artery, and at 
the distal end, it merges with the deep femoral artery. It 
extends lengthwise to the bone and is divided into lateral 
femoral circumflex arteries and medial femoral circum-
flex arteries [38]. The two branches of the lateral circum-
flex femoral artery supply the femoral head region via the 
lateral epiphyseal artery and the neck region via the pos-
terior superior supporting band artery [39]. The femoral 
head ligament is also supplied by the anterior branch 
of the obturator artery of the hip bone, which passes 
through the lower part of the pubic branch and anasto-
mosed with the femoral artery and the medial femoral 
circumflex branch [40]. Qiu [41] dissected and exposed 
the arteries of femoral head specimens of 12 cases after 
fracture replacement and performed arterial microper-
fusion. Micro CT scanning was performed on all femo-
ral heads and a digital 3D model was reconstructed to 
quantize the internal femoral head arteries. The results 
showed that all 12 cases had epiphysis arterial network 
structure and its small vascular branches, indicating that 
there were also rich and unique microvascular structures 
in the femoral head.

Type‑H vessels
Vascular histological characteristics of Type‑H
Kusumbe et al. [21] identified a new blood vessel subtype 
in trabecular and cortical bone near the tibial growth 
plate and on the periostium and endomucin surfaces of 
mice, respectively, called Type-H blood vessels due to the 
specific expression of the antibodies CD31 and endomu-
cin on the surface of their endothelial cells.This vessel 
is present in the endobone and metaphysis and is filled 
with mesenchymal cells and bone progenitor cells that 
mediate subchondral remodeling by coupling angiogen-
esis and osteogenesis [42]. In contrast, sinusoidal vessels 
in the backbone form a dense, highly branched network 
of capillaries in the bone marrow cavity of the backbone 

with low expression of CD31 and Emcn, called L-type 
vessels, oxygen-rich blood flows from the arteries and 
distal arterioles and is directly connected to H-type ves-
sels, then the blood continues to flow to the L-type sinu-
soidal network at the junction of the metaphyseal and 
diaphyseal ends, and eventually to the central vein [43]. 
Gao et al. [44] isolated and cultured H subtype blood ves-
sels from the femoral head of patients undergoing total 
hip arthroplasty, and proved the existence of H subtype 
blood vessels in the femoral head of patients, once again 
proving the existence of microvascular structure in the 
femoral head. H-type blood vessels have a dense array 
of bone progenitor cells, which mainly express Osterix 
and can be differentiated into osteoblasts and osteo-
blasts. According to Kusumbe et  al. [21], Runx2 early 
bone progenitors and 1α collagen osteoblasts are also 
densely arranged around CD31 vessels in metaphysis 
and endobone, that is, H-type vessels. Bone progenitor 
cells and osteoblasts were absent near L-type vessels in 
the diaphysial sinus.The close proximity of bone progeni-
tor cells to H-type vessels provided osteoblast resources 
for bone formation, while the high oxygen content and 
related factors secreted by H-type vessels provided the 
necessary nutrients to meet the metabolic needs of bone 
formation, forming a complete vaso-osteogenic coupling.

Mechanism of Type‑H vessels in angiogenic osteogenic 
coupling
H-type angiogenesis is closely bound to osteogenesis, 
which indicates that there is molecular communication 
between endothelial cells and osteoblasts. Existing stud-
ies have identified several factors that regulate H-type 
angiogenesis and osteogenesis involved in the coupling 
of angiogenesis and osteogenesis [43]. Osteoclasts, osteo-
blasts, chondrocytes, and endothelial lineage cells secrete 
factors that induce vascular endothelial cell (EC) prolifer-
ation, vascular assembly, and stability, such as PDGF-BB 
and SLIT3; ECs can secrete factors that promote vascular 
assembly and stability, and can also promote bone forma-
tion, such as HIF-1α, Notch, and VEGF, and there may be 
other factors that remain to be clarified.

Platelet-derived growth factor BB type (PDGF-BB) is 
a chemotactic and mitogenic factor in the PDGF family 
that is critical for promoting migration, proliferation, and 
differentiation of various mesenchymal cell types. PDGF-
BB secreted by proosteoclasts, immature precursors of 
absorbent osteoclasts, promotes proliferation, metasta-
sis, and differentiation of endothelial progenitor cells and 
mesenchymal stem cells to promote angiogenesis and 
osteogenesis [45].

SLIT guided ligand 3 (SLIT3) is one of three Slit ligands 
originally identified in the central nervous system, and 
multiple studies have shown that SLIT3 is expressed in 
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other tissues outside the nervous system and is involved 
in other physiological functions.In bone, recent studies 
have shown that both SLIT3 secreted by osteoblasts [28] 
and SLIT3 secreted by osteoclasts [46] promote H-type 
blood vessel formation and bone formation, but the pri-
mary source of SLIT3 remains controversial.

Hypoxia-inducing factor HIF is a transcription factor 
that mediates cell activity in response to changes in oxy-
gen and controls physiological and pathological neovas-
cularization [47].The HIF heterodimer consists of one of 
three α subunits (HIF-1α, HIF-2α, and HIF-3α) and one 
β subunit. HIF-1α expression and activity are regulated 
by hypoxia, and target genes are activated and function 
through one of two mechanisms [48]. HIF-1α target gene 
may act directly on bone cells, or it may stimulate VEGF 
production, promote H-type blood vessel formation and 
invasion of bone. More and more blood vessels provide 
osteoblastic clues and may provide osteoblastic progeni-
tor cells that then mature and form new bone [49].

Notch signaling pathway affects the generation and 
osteogenic coupling of H-type blood vessels: Signals 
transmitted between adjacent cells through Notch recep-
tors can regulate cell differentiation, proliferation and 
apoptosis. Notch signal transduction is affected by blood 
flow, while the small diameter of H-type blood vessels 
leads to high flow rate, which stimulates signal transduc-
tion [50]. In the study, Ramasamy [51] increased Notch 
signaling through genetic manipulation of Notch recep-
tor inactivators (Fbwx) resulted in increased secretion of 
H-type blood vessels, Runx2 bone progenitor cells, and 
EC Noggin; In contrast, EC-specific inactivation of Notch 
mutants by reducing the essential mediator of Notch 
signaling (RBPJκ) or deltlike 4 in bone after birth resulted 
in decreased H-type blood vessels, Noggin expression, 
and EC proliferation. These results suggest that Notch 
signaling pathway is a key component of molecular cross-
talk that connects angiogenesis, vascular secretion and 
osteogenesis.

Vascular endothelial growth factor (VEGFA): VEGFA 
is considered a major regulator of angiogenesis and 
has been extensively studied in bone [26]. VEGFA pro-
motes the migration and diffusion of endothelial cells 
(EC). Chondrocytes, osteoclasts, and osteoblasts secrete 
VEGFA, and the transcription and secretion of VEGFA 
can be induced by a variety of cytokines and transcrip-
tion factors, such as HIF-1α, PDGF-BB, and Runx2 [52].

Effects of glucocorticoids on microvessels 
of femoral head
Glucocorticoid-induced ischemic necrosis of the femo-
ral head is mainly caused by three important pathways, 
namely, coagulation dysfunction, endothelial dysfunction 
and impaired angiogenesis [53].

Coagulation disorders
Coagulation dysfunction refers to the disturbance of 
homeostasis of pro-coagulation factors and anticoagula-
tion factors, excessive thrombosis, and the reduction of 
thrombolysis [54]. The coagulation dysfunction of femo-
ral head necrosis is affected by two molecular pathways, 
namely, thrombolysis and hypofibrinolysis. Hypercoagu-
lability, also known as hypercoagulability, is an abnor-
mality of the blood clotting mechanism that promotes 
the formation of blood clots in the walls of circulating 
blood vessels [55], characterized by an increase in pro-
coagulant factors or a decrease in natural anticoagulants 
[56]. Glucocorticoid-induced fibrinolysis is the process 
of breaking down blood clots or clots that is tightly regu-
lated by activators such as tissue plasminogen activators 
(TPA) and urokinase-type plasminogen activators (UPA), 
as well as by inhibitors such as tissue factor plasminogen 
inhibitors (TFPI) and plasminogen activator inhibitor-
1(PAI-1), as well as plasminogen proteinases. Glucocor-
ticoids decreased fibrinolytic protein activity and relative 
hypercoagulability by increasing PAI-1 level and decreas-
ing TPA level [23, 57]. In the study, Okada et al. [58] used 
female wild-type mice with PAI-1 gene deficiency to 
give 2 mg/kg/d dexamethasone (Dex) intraperitoneally 
for 3 weeks, found that dexamethasone (Dex) increased 
plasma PAI-1 levels and PAI-1 mRNA levels in adipose-
tissue and muscle of wild-type mice, while Pai-1 defi-
ciency significantly attenuated the slow bone repair 
caused by Dex, suggesting that increased PAI levels cause 
slower bone repair. Lu Li et al. [59] detected significantly 
increased expression of PAI-1 in the local microenvi-
ronment of the femoral head in a steroid-induced rabbit 
ONFH model (MPS treatment, 20 mg/kg/d, lasting for 3 
d).All the above studies have shown that glucocorticoids 
can cause significant expression of PAI-1 in the local 
microenvironment of the femoral head, inhibit plasmino-
gen from dissolving thrombus or clot, lead to microvas-
cular hypercoagulation of the femoral head, coagulation 
dysfunction, damage blood flow of the femoral head, and 
lead to necrosis of the femoral head.

Endothelial cell dysfunction
Vascular endothelial cells form the inner layer of blood 
vessels, they play a key role in the development and 
maintenance of the functional circulatory system and 
provide paracrine support to surrounding non-vascular 
cells [60]. Under various physical and chemical stimula-
tion, the endocrine, paracrine and autocrine functions 
are activated to produce vasodilators and vasodilators 
[61]. Endothelial cells regulate homeostasis by maintain-
ing the balance between vasodilators and vasoconstric-
tors, anticoagulants and coagulants, inflammatory and 
anti-inflammatory molecules, oxidants and antioxidants, 
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and fibrinolytic agents and antifibrinolytic agents. Loss of 
homeostasis is called endothelial dysfunction, which can 
lead to a series of circulatory diseases, such as thrombo-
sis and coagulation disorders [62]. Bone microvascular 
endothelial cells (BMECs) are highly active endocrine 
cells, which are composed of single-layer structures 
attached to the inner wall of bone to form bone microves-
sels [63]. The injury of glucocorticoid to BMEC can lead 
to local blood hypercoagulation, microvascular throm-
bosis and vascular occlusion, which is one of the main 
reasons for the dysfunction of femoral head endothelial 
cells. By studying femoral head tissues of patients with 
hormone-induced femoral head necrosis, Huang et  al. 
[64] found that glucocorticoid stimulation significantly 
inhibited cell viability, promoted apoptosis and increased 
mRNA expression of pro-inflammatory cytokines (such 
as TNF-α, IL-1β and IFN-γ) in human umbilical vein 
endothelial cells (HUVECs) and BMEC. By analyzing a 
comprehensive dataset of gene expression to identify dys-
regulated mirnas in ONFH, it was found that miR-122-5p 
was underexpressed in GC-induced ONFH femoral head 
tissue and GC-stimulated bone microvascular endothe-
lial cells (BMEC), while overexpressed miR-122-5p signif-
icantly inhibited GC-induced endothelial cell damage. Yu 
et  al. [65] isolated BMECs from the subchondral region 
of the femoral head in patients with hormone-induced 
femoral head necrosis and in patients with femoral neck 
fracture. Cell proliferation, cell viability, tube forma-
tion test, Transwell test, TUNEL assay and Western blot 
analysis were performed. The results showed that the 
cell viability, angiopoiesis and migration of BMECs in 
the glucocorticoid-induced ONFH group significantly 
decreased, and the number of TUNEL-positive cells sig-
nificantly increased. These results suggest that glucocor-
ticoids can lead to decreased angiogenesis and increased 
apoptotic activity of BMECs in femoral head.In summary, 
GC can inhibit the activity of endothelial cells, promote 
their apoptosis, increase the expression of proinflamma-
tory cytokines mRNA, cause dysfunction of femoral head 
microvascular endothelial cells, and promote the process 
of femoral head necrosis.

Impaired angiogenesis
Angiogenesis is the process of developing new blood 
vessels from existing blood vessels, which are consid-
ered the most important organs in embryonic develop-
ment [66]. During ischemia, endothelial cells receive 
stimulation from the local environment and initiate the 
angiogenic program, a dynamic process that utilizes a 
balance between pro-angiogenic and anti-angiogenic 
factors, resulting in the expansion of the vascular net-
work [67]. Vascular and bone-derived angiogenic fac-
tors and stimuli play a role in angiogenesis, such as 

Hypoxia-inducible fact-1α (HIF-1α) and vascular 
endothelial growth factor (VEGF), vascular endothelial 
growth factor receptors (VEGFR), Vascular endothelial 
growth factor receptors (VEGF), Vascular endothelial 
cadherin (VEGFR) VE-cadherin, cluster of differentia-
tion31, CD31), delta-like typical Notch ligand 4-Notch-
Noggin (DLL4-NOTCH-NOG), etc. The molecular 
pathways between the vasculature and bone interact 
and work synergistically to initiate the angiogene-oste-
ogenic coupling to promote overall regenerative repair 
of necrotic areas [68]. When cells after ischemia, the 
tissue hypoxia state, cells in low factor (alpha hypoxia 
inducible factor 1 alpha, HIF -1α) will be a large 
increase, increase vascular endothelial growth factor 
(vascular endothelial growth factor, VEGF) expression 
level, Thereby promoting the repair and regeneration 
of blood vessels [69]. However, glucocorticoids disrupt 
this repair mechanism. Xu et  al. [70] found that when 
MC3T3-E1 cells were exposed to different concentra-
tions of dexamethasone (Dex), the expression of HIF-1α 
protein was decreased, and the expression of M.PK1 in 
MC3T3-E1 cells was also decreased after the concen-
tration range of  10–9–10–6 dexamethasone treatment. 
When treated with glucocorticoid receptor antagonists 
RU486 and dexamethasone, MC3T3-E1 cells showed 
enhanced HIF-1α expression, indicating that glucocor-
ticoids can reduce the expression of HIF-1α. This study 
also showed that the up-regulated expression of HIF-1α 
can promote the osteogenic ability of MC3T3-E1 cells 
and the expression of PDK1. Liu et  al. [71] demon-
strated that glucocorticoid therapy inhibits angiogenin 
(ANG) production by inhibiting osteoclast formation 
in metaphyseal region, leading to impaired endothe-
lial rRNA transcription and subsequent cell senes-
cence. Glucocorticoids can also damage microvascular 
endothelial cells in the bone of the femoral head, caus-
ing endothelial cell dysfunction, resulting in reduced 
angiogenesis of BMECs [40, 41]. Therefore, glucocorti-
coids can inhibit angiogenesis, destroy osteoblastation-
angiogenesis coupling, and cause femoral head necrosis 
by decreasing HIF-1α protein expression, inhibiting 
ANG production and BMECS activity.

In summary, glucocorticoids can cause coagulation 
dysfunction, endothelial dysfunction and angiogenesis 
disorders, leading to the destruction of microvascular 
blood flow in the femoral head, resulting in cell ischemia 
and hypoxia, and affecting bone metabolism. Ischemia 
and hypoxia can reduce the osteogenic differentiation of 
peripheral blood mesenchymal stem cells by up-regulat-
ing Notch-1 expression [72], further reduce osteogen-
esis, destroy the osteoblastation-angiogenesis coupling, 
and eventually lead to the occurrence of femoral head 
necrosis.
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Effect of glucocorticoid on Type‑H vessels 
in femoral head
Type-H vessels are the key microvessels in the femoral 
head, which play an important role in maintaining blood 
flow in the femoral head and osteogenic angiogenic 
coupling [25–27], the femoral head is the anatomic site 
sensitive to the adverse effects of glucocorticoids [73]. 
Long-term use of glucocorticoids will affect the expres-
sion of factors related to the regulation of H-type blood 
vessels, thereby causing serious damage to H-type blood 
vessels.

Glucocorticoids decreased HIF‑1α and VEGF expression
H-type vessels are regulated by hypoxia-inducible fac-
tor (HIF-1α) and vascular endothelial cell growth factor 
(VEGF). HIF-1α is a transcription factor that mediates 
cell activity in response to changes in oxygen and con-
trols physiological and pathological neovascularization 
[48]. VEGF is a major regulator of angiogenesis and pro-
motes migration and diffusion of endothelial cells (EC) 
[26]. The stability and activity of the HIF-1α subunit is 
regulated by its post-translational modifications such as 
hydroxylation, ubiquitination, acetylation, and phospho-
rylation [74]. Under normal oxygen conditions, PHD 
hydroxylated proline (Pro) residues are present in ODDD 
(Pro 402 and 564 of HIF1α, Pro 405 and 531) of HIF2α 
induce ubiquitin reaction of E3 ubiquitin ligase Von 
Hippel-Lindau protein (pVHL), mediated by 26S pro-
teasome, resulting in HIF-1α degradation via the ubiq-
uitin proteasome pathway [75]. During hypoxia or iron 
deficiency, PHDs are inactivated, HIF-1α hydroxylation 
is inhibited, HIF-1α subunits become stable and dimer-
ize with HIF-1β, forming an HIF complex via ARnt-
mediated transfer from cytoplasmic to nuclear, possibly 
interacting with HIF-αβ transcription complex to further 
activate hypoxia. HIF-αβ heterodimer complexes bind to 
hypoxia response elements (HREs) containing the con-
sensus core sequence RCGTG (R: A/G) of target gene 
promoter region and p300/CBP to regulate the expres-
sion of target genes [76]. However, in steroid-induced 
necrosis of the femoral head, the main target gene of 
HIF-1α is VEGF [77]. In animal experiments related to 
glucocorticoids and H-type blood vessels, Laneet al.’s [78] 
study showed that the number of H-type blood vessels in 
the distal metaphyseal of femur of mice in the glucocor-
ticoid-treated group (fed 4 mg/L/d Dex, the duration was 
4 weeks and the first, 14th and 28th days were observed) 
was significantly reduced compared with the normal con-
trol group and the treatment group. In the femoral head, 
osteoclasts increased, osteoblasts decreased, HIF-1α 
and VEGF expression decreased, and the decrease of 
HIF-1α expression further resulted in the decrease of the 

number of H subtype vessels. Weinstein et al. [73] used 
methylprednisolone(MPS) (Full implantable drug deliv-
ery system release 2.1 mg/kg/d) to intervene mice to 
observe the molecular, biomechanical, cellular and vas-
cular changes of femur, and found that after 14 days of 
intervention, the expression of hypoxia-inducing factor 
(HIF-1α) and vascular endothelial growth factor (VEGF) 
in the femoral head, the number of osteoblasts, the rate 
of bone formation and the strength of bone decreased, 
while osteoclasts increased. In addition, the decrease of 
Hif-1α and VEGF expression, bone vessels and strength 
preceded the loss of bone mass and the deterioration 
of microstructure, which made the femoral head prone 
to collapse. Yu al. [79] used MPS combined with LPS to 
perform SINFH modeling. Rats were injected intraperi-
toneally with lipopolysaccharides (LPS 20 μg/kg) for two 
consecutive times at an interval of 24h each time. After 
the last injection 24h later, meprednisolone (40 mg/kg) 
was alternately injected into both gluteus muscles for 
three times, at an interval of 24 h each time. In the desfer-
ramine group, intraperitoneal injection of desferramine 
mesylate (250 mg/kg) was administered. After 6 weeks, 
Micro-CT analysis was used to observe the changes in 
the microstructure of the femoral head, HE staining was 
used to observe the pathological changes of the femo-
ral head, and immunofluorescence staining was used to 
analyze the changes in H-type blood vessels in the femo-
ral head. RT-PCR was used to analyze the expression of 
Hif-1α/VEGF signaling axis related factors in the femoral 
head. The results showed that the expressions of Hif-1α 
and VEGF were significantly lower than those in the 
injection group, and H-type angiogenesis was reduced, 
bone trabeculae were thin, and microfractures occurred. 
This was because the degradation of HIF-1α could be 
inhibited by the reduction of intracellular  Fe2+ concen-
tration and the inhibition of PHD activity.

According to the above studies, combined with the 
action mechanism of HIF-1α and VEGF, it can be seen 
that glucocorticoids reduce the expression of HIF-1α in 
the femoral head of mice, thereby reducing the expres-
sion of VEGF, leading to the decrease of H-type angio-
genesis, and the lack of vascular endothelial cells due to 
the inhibition of H-type angiogenesis will further cause 
the decrease of HIF-1α expression (but this is not the 
main reason for the decrease of HIF-1α), and then dis-
ruption of bone microcirculation, and influence bone 
metabolism (Fig. 1).

Glucocorticoids inhibited PDGF‑BB expression
H-type vessels are regulated by pre-osteoclast (POC) 
platelet-derived growth factor BB (PDGF-BB) and bind 
specifically to bone formation and development. Li et al. 
[80] established the glucocorticoid-induced osteoporosis 
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group (GIOP group) by intraperitoneal injection of MPS 
10 mg/m2/d for four weeks. PDGF-BB levels in bone 
marrow and serum were measured. Micro-CT scanning 
was performed on the femur, frozen sections of the femur 
were taken, and CD31hiEmcnhiH type vascular immuno-
fluorescence staining was performed. The results showed 
that bone mass decreased in GIOP group compared with 
control group. The expression of PDGF-BB in serum and 
bone marrow of GIOP group was significantly decreased, 
and the expressions of CD31hi and Endomucinhi were 
downregulated. The results showed that long-term use 
of glucocorticoids can inhibit the secretion of PDGF-BB 
in osteoclast precursor cells of mice, thus inhibiting the 
growth of H-type blood vessels specific for bone growth. 
Peng et  al. [81] conducted MPS (10mg/m2/d for 2, 4, 
6weeks) intervention in two weeks old mices to model 
hormone-induced femoral head necrosis. After 2 weeks, 
it was found that POCs in the femoral head remained 
unchanged and POC synthesis of PDGF-BB decreased. 
The longer the duration of MPS treatment, the fewer 
POCs and PDGF-BB, H-type blood vessels, bone forma-
tion rate, bone mass and bone length. Shangguan et  al. 
[82] used hypodermic injection of dexamethasone (0.2 
mg/kg/d) in rats at days 9–20 and found that dexametha-
sone promoted the expression of glucocorticoid receptor 
(GR), CCAAT and enhancer binding protein α (C/EBP-α) 
and miR-34c in female fetal bone. In addition, the expres-
sion of bone mass, H-type angiogenesis and genes related 
to the bone platelet-derived growth factor receptor β 

(PDGFRβ)/adhesion plaque kinase (FAK) pathway was 
decreased in prenatal and postnatal female offspring, 
suggesting that glucocorticoids also inhibit the bone 
platelet-derived growth factor receptor β (PDGFRβ)/
adhesion plaque kinase (FAK) pathway. Inhibit the for-
mation of H-type blood vessels, thereby affecting bone 
metabolism and osteo-vascular coupling, resulting in 
femoral head necrosis. Yang et al. [83] reported that glu-
cocorticoids inhibited the secretion of PDGF-BB before 
osteoclasts, resulting in the inhibition of H-type blood 
vessels and reduced osteogenesis. In young GIO mouse 
models, mice were intraperitoneally injected with meth-
ylprednisolone (MPS) at 10mg/m2/day from 2 to 6 weeks 
of age, and the cathepsin K inhibitor L-235 was found to 
prevent bone loss by inhibiting osteoclast bone resorp-
tion while maintaining preosteoclast secretion of PDGF-
BB and preserving H-type blood vessels. Above studies 
have shown that glucocorticoids inhibit the synthesis of 
PDGF-BB in POCs (Fig. 1), thereby inhibiting the forma-
tion of H-type blood vessels, resulting in the destruction 
of blood transport and osteogenesis-angiogenesis cou-
pling of femoral head, reduced osteogenesis, trabecular 
fracture, and even necrotic collapse.

Glucocorticoid inhibits ANG production
Angiogenin (ANG) is a secretory ribonuclease with 
growth-promoting activity [84], which mainly stimu-
lates the growth and proliferation of endothelial cells 
by promoting the transcription of 47S rRNA and affects 

Fig. 1 Glucocorticoids inhibited the expression of HIF-1α, VEGF and PDGF-BB
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angiogenesis [85]. In recent years, plexin-B2 (PLXNB2) 
has been found to be a transmembrane receptor belong-
ing to the plexin family and has been identified as a 
functional ANG receptor [86, 87]. ANG maintains the 
proliferative activity of endothelial cells through ribo-
somal RNA (rRNA) transcription mediated by plexin-
B2 (PLXNB2). GC treatment inhibits ANG production 
by inhibiting osteoclast formation in metaphyseal, lead-
ing to impaired endothelial rRNA transcription and 
subsequent cell senescence. Liu et  al. [71] detected 
by immunofluorescence staining that MPS treatment 
(10  mg/m2/d, intraperitoneal injection,for two weeks) 
induced a time-dependent reduction of CD31hiEmcnhi 
blood vessels in primary and secondary ONFH of little 
mouse.. Flow cytometry analysis showed that compared 
with carrier treated mice, the number of CD31hiEmc-
nhi and CD31loEmcnlo cells in the same region of mice 
treated by MPS decreased, and the CD31hiEmcnhi type 
H blood vessels were more profoundly affected. This 
study showed that osteogenic coupled H blood vessels 
are the main targets of GCs, and GCs can inhibit osteo-
clast formation and ANG production. Inhibit the for-
mation of H-type vessels (Fig. 2).

Discussion
There is complex crosstalk between GC and HIF-1α: Vet-
tori et  al. [88] using zebrafish in  vivo studies showing 
that GC plays a role in promoting C-SrC-mediated pVHL 
proteomic degradation, and that GC stabilizes the HIF 
model by activating c-src and subsequent pVHL insta-
bility, thereby effectively activating HIF-1α transcrip-
tional responses. However, Wagner et  al. [89] showed 
that HIF-1α activity was weakened under hypoxia and 
DEX stimulation due to decreased DNA binding and 
HRE activity associated with HIF-1α nuclear translo-
cation problems, revealing the related inhibitory effect 
of dexamethasone on HIF-1α target gene expression 
in hypoxic HEPG2 cells. In particular, by western blot-
ting analysis, they showed that dexamethasone reduced 
nuclear HIF-1α protein because the amount of HIF-1α in 
the cytoplasmic extract was higher than the amount of 
HIF-1α in the nuclear extract after DEX treatment. This 
cytoplasmic retention of HIF-1α suggests that nuclear 
input is blocked through a still unknown mechanism, 
leading to reduced expression of HIF target genes. In 
addition, by using luciferase assays, the authors found 
that dexamethasone not only weakened HIF-1 activity in 
a GR-dependent manner, but that this effect depended on 

Fig. 2 Glucocorticoids inhibit ANG production by osteoclasts and thus inhibit H-type angiogenesis
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the presence of functional HRE. Over the next few years, 
Gaberet al. [90] investigated the interaction between the 
roles of macrophage migration inhibitors (MIF), HIF, 
and GCs in human primary non-tumor CD4 + Th cells 
and Jurkat T cells. Compared to previous observations, 
this study demonstrated the presence of a significant 
dose-dependent dexamethasone inhibition of HIF-1α 
protein expression, resulting in reduced HIF-1 target 
gene expression. Thus, as an alternative to Wagner et al.’s 
2008 hypothesis, they proposed a model based on either 
fast DeX-mediated induction of HIF-1α inhibitors (e.g. 
PHD1-3, FIH, and pVHL) or fast DeX-mediated hypoxia-
induced signaling inhibition. These different in vitro data 
reflect the diversity that exists between the cell types 
used in these studies. In the ONFH study, the effect of 
GC on HIF-1α was consistent with the results of Wagner, 
Gaber et al.

It is worth noting that GC leads to decreased expres-
sion of HIF-1α promoting angiogenesis factor, resulting 
in inhibition of angiogenesis, which means insufficient 
H-type vascular endothelial cells and further leads to 
decreased expression of HIF-1α. However, HIF-1α is not 
only found in vascular endothelial cells in the femoral 
head. HIF-1α is present in osteocytes, osteoblasts, osteo-
clasts, preosteoclasts and endothelial progenitor cells, so 
the decrease of HIF-1α caused by angiogenesis inhibi-
tion is not the main factor. In addition to HIF-1α, other 
factors such as PDGF-BB are also involved in angiogen-
esis inhibition caused by glucocorticoid action, and the 
reduction of HIF-1α is not the only determinant.

The mechanism of necrosis of the femoral head is com-
plex and diverse. Currently, the pathogenesis of ONFH 
includes the theory of intravascular coagulation, the the-
ory of fat metabolism disorder, the theory of intraosse-
ous hypertension, and the theory of arteriovasculitis, etc 
[88, 91]. However, there are few studies on the changes 
of blood flow microstructure of bone tissue. Based on 
the microvascular structure of the femoral head and its 
effect on the osteogenesis and trabecular structure of the 
femoral head, this review summarized and analyzed the 
microvascular injury of the femoral head caused by glu-
cocorticoids, providing a new idea for the study of the 
mechanism of femoral head necrosis from the perspec-
tive of osteogenesis and vascular coupling. Most of the 
existing studies on the pathogenesis are based on animal 
modeling, and there is a lack of studies on femoral head 
specimens. However, specimens of normal and different 
types of necrosis and different stages of necrosis are easy 
to obtain. The mechanism of necrosis of the femoral head 
is mainly ischemia, but the related mechanism of necro-
sis tissue ischemia has not been explored, especially in 
the microcirculation of the femoral head, bone trabecula 
and other microscopic structures. The femoral head has 

numerous microvessels, and H-type vessels are the most 
critical in promoting osteogenesis and inhibiting osteo-
clastic bone remodeling. There is a lack of research on 
the changes of H-type vessels and their mechanisms dur-
ing femoral head necrosis.

Conclusion
When femoral head necrosis occurs, there is a complex 
injury and repair process. However, due to the destruc-
tion of the balance between bone resorption and bone 
formation, the injury is greater than the repair, resulting 
in necrosis and even collapse. Bone reconstruction and 
repair are inseparable from the vaso-osteogenesis cou-
pling. H subtype vessels are a newly discovered intraos-
seous vessels, mainly distributed in metaphyseal and 
endoosseum. They are highly expressing endothelial 
mucin and CD31 and secreting growth factors related to 
the survival and proliferation of bone progenitor cells. A 
large number of Osterix positive bone progenitor cells, 
type I α collagen positive osteoblasts and Runx2 posi-
tive early bone progenitor cells were gathered around, 
which could secrete VEGF to promote angiogenesis and 
have the ability to induce bone formation and angiogen-
esis. PDGF-BB, fissure guiding ligand 3, HIF-1α, Notch 
signaling pathway and VEGF are involved in the bio-
logical mechanism of H subtype blood vessels promot-
ing osteogenesis. There are abundant microvessels in 
the femoral head, and H-type vessels play a key role in 
bone reconstruction and repair. During the occurrence of 
hormone-induced femoral head necrosis, the vaso-osteo-
genic coupling is severely damaged. The mechanism may 
be that glucocorticoids inhibit the formation of H-type 
blood vessels by decreasing the expression of HIF-1α and 
VGEF, leading to the disturbance of NONFH microcircu-
lation, thus causing damage to the vaso-bone remodeling 
coupling. It reduces the ability of reconstruction and 
repair during the occurrence and development of femoral 
head necrosis and promotes the progression of hormone-
induced femoral head necrosis.
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